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AB S TRACT I 
Automated b i o m o n i t o r i n g  may p r o v i d e  r e a l - t i m e  p h y s i o l o g i c a l  response 
i n f o r m a t i o n  as a r e s u l t  o f  cause/e f fec t  r e l a t i o n s h i p s  between developing t o x i c i t y  
and r e p r e s e n t a t i v e  a q u a t i c  animals. However, s i n c e  the  r e l i a b i l i t y  o f  u s i n g  
i n f o r m a t i o n  from a s ing le -spec ies  o r  f rom se lec ted  water  q u a l i t y  measures may be 
sub jec t  t o  q u e s t i o n  when viewed i n  l i g h t  o f  develop ing t o x i c i t y ,  we developed a 
computer-ass is ted m u l t i p l e  species b iosens ing  system f o r  water  q u a l i t y  mon i to r -  
ing. 
automated b i o m o n i t o r i n g  and a r e  assumed t o  be d i f f i c u l t  t o  m a i n t a i n  i n  near zero  
g r a v i t y ,  emphasis was p laced on developing methods f o r  d e t e c t i n g  species- 
s p e c i f i c  b i o e l e c t r i c  p o t e n t i a l s  induced by u n r e s t r a i n e d  mussels and o t h e r  
sedentary i n v e r t e b r a t e s .  A s p e c i a l l y  designed d i f f e r e n t i a l  a m p l i f i e r  was 
c o n s t r u c t e d  f o r  measuring s i g n a l s  induced by v a r i o u s  a c t i v i t i e s  f rom n o t  o n l y  
f i s h  bu t  i n v e r t e b r a t e  subjects .  S p e c i f i c  responses were de tec ted  as d i s c r e t e  
analog s i g n a l s ,  each s i g n  wave conver ted t o  a d i g i t a l  vo l tage,  and f i l e d  i n  
computer storage. 
f i l i n g ,  and r e t r i e v a l .  
Because f i s h  have t y p i c a l l y  been used i n  earth-based a p p l i c a t i o n s  o f  
A management program prov ided v a r i o u s  means f o r  da ta  g a t h e r i n g ,  
The o b j e c t i v e  o f  t h i s  s tudy was t o  eva lua te  proposed design c h a r a c t e r i s t i c s  
and a p p l i c a t i o n s  o f  automated b i o m o n i t o r i n g  devices fo r  r e a l - t i m e  t o x i c i t y  
d e t e c t i o n  i n  water  q u a l i t y  c o n t r o l  on-board permanent space s t a t i o n s .  Simulated 
t e s t s  i n  down1 i n k i n g  t ransmiss ions  o f  automated b i o m o n i t o r i n g  da ta  t o  e a r t h -  
r e c e i v i n g  s t a t i o n s  were s imu la ted  usincr s a t e l l i t e  da ta  t ransmiss ions from remote 
ea r th-based s t a t  i ons . - 
4 
INTRODUCTION 
Computer-assisted automated b i o m o n i t o r i n g  systems used t o  d e t e c t  deve 
t o x i c i t y  i n  water  q u a l i t y  s u r v e i l l a n c e  programs have t y p i c a l l y  r e l i e d  upon 
s i n g l e  species,  the  f i s h ,  as t h e  t e s t  subject .  I n  a rev iew by Cai rns and 
op ing  
a 
I 
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van der  Schal i e  ( re f .  1) , r e p r e s e n t a t i v e  e a r l y  warning b i o l o g i c a l  m o n i t o r i n g  
systems employing f i s h  as b iosensors and severa l  i n n o v a t i v e  systems designed 
t o  measure i n v e r t e b r a t e  responses t o  water  q u a l i t y  change were evaluated. 
From those descr ibed f o r  d e t e c t i n g  a q u a t i c  i n v e r t e b r a t e  movement a c t i v i t i e s ,  
severa l  dev ices were i d e n t i f i e d  which inc luded remote probe c o n f i g u r a t i o n s  f o r  
r e c e i v i n g  a c t i o n  p o t e n t i a l s  generated when t h e  an imal ' s  body integument changed 
p o s i t i o n s  ( r e f .  2). Apply ing s i m i l a r  techniques f o r  water  p o l l u t i o n  m o n i t o r i n g ,  
Idonlboye-obu ( r e f .  3)  e s t a b l  ished a bioassay procedure where mar ine decapod 
a c t i o n  p o t e n t i a l s  cou ld  be de tec ted  under i n c r e a s i n g  exposure t o  t o x i c  hydro- 
carbons. I n c o r p o r a t i n g  a computer f o r  data management, Macioroask i ,  e t  a l .  
( r e f .  4 )  eva lua ted  c r a y f i s h  abdominal movements as a measure o f  inc reas ing  
water  t o x i c i t y  t o  a q u a t i c  animals. 
Al though automated b i o m o n i t o r i n g  dev ices may prove e f f e c t i v e  i n  d e t e c t i n g  
develop ing t o x i c i t y  i n  c e r t a i n  s p e c i f i c  a p p l i c a t i o n s ,  i t  seems unreasonable t o  
expect a s ing le -spec ies  o r  animal group t o  be u n i v e r s a l l y  responsive t o  t h e  
wide v a r i e t y  of p o l l u t a n t s  which might  contaminate space s t a t i o n  water  supp l ies .  
Recogniz ing t h e  complex m a t r i x  o f  a b i o t i c  and b i o t i c  i n t e r r e l a t i o n s h i p s  and t h e  
e p i s o d i c  c h a r a c t e r  o f  many c losed water  supply  systems, the r e l a t i v e  t o x i c i t y  
o f  c e r t a i n  substances may be modulated e i t h e r  through a t t e n u a t i n g  o r  a m p l i f y i n g  
processes. Therefore,  t o  account f o r  p o s s i b l e  t o x i c  modulatory  e f f e c t s  and 
the  b ias  of depending on a s ing le -spec ies  f o r  j u d g i n g  t o x i c i t y ,  the development 
o f  an automated m u l t i p l e - s p e c i e s  b i o l o g i c a l  m o n i t o r i n g  system employing groups 
o f  d i f f e r e n t  types o f  a q u a t i c  an imals  r e p r e s e n t i n g  v a r i o u s  t r o p h i c  l e v e l s  c o u l d  
prove h e l p f u l  t o  space s t a t i o n  water management and q u a l i t y  c o n t r o l  programs. 
The i n i t i a l  research and des ign f o r  an automated m u l t i s p e c i e s  b iosens ing  dev ice  
coupled w i t h  p h y s i c a l  sensors capable of s imu l taneous ly  d e r i v i n g  b i o t i c  
response da ta  and p h y s i c a l  parameters has been discussed by Morgan and Young 
( re f .  5 )  and Morgan, Young, and Crane ( r e f .  6). 
I n  meet ing t h e  o b j e c t i v e  o f  develop ing a computer-ass is ted m u l t i s p e c i e s  
b i o l o g i c a l  m o n i t o r i n g  system capable o f  g i v i n g  an e a r l y  warning o f  develop ing 
t o x i c i t y  i n  water  supp l ies ,  emphasis was p laced on t h e  f o l l o w i n g :  
system v e r s a t i l i t y  by develop ing techniques f o r  d e t e c t i n g  responses from a 
v a r i e t y  o f  a q u a t i c  i n v e r t e b r a t e s  occupying d i f f e r e n t  t r o p h i c  l e v e l s ,  (2 )  
develop ing a u n i v e r s a l  d i f f e r e n t i a l  a m p l i f i e r  capable o f  d e t e c t i n g  b i o e l e c t r i c  
responses from an a r r a y  o f  d i f f e r e n t  a q u a t i c  animals,  (3 )  expanding a m p l i f i e r  
and r e g i s t e r  i n t e r f a c e  u n i t s  from groups o f  d i s c r e t e  i n - p u t  channels and 
coup1 i n g  these w i t h  IBM-PC based systems, and (4)  i n t e g r a t i n g  these components 
and i n - p u t t i n g  b i o l o g i c a l  response i n f o r m a t i o n  i n t o  a data c o l l e c t i o n  p l a t f o r m  
for  s i m u l a t i n g  downl ink ing  t o  earth-based r e c e i v i n g  s t a t i o n s .  
( 1 )  ex tend ing  
SYSTEM D E S I G N  
BIOLOGICAL CONSIDERATION 
C r u c i a l  t o  t h i s  e f f o r t  
a q u a t i c  animals induce b i o e  
be recorded as rhythmic ana 
a c t i v i t i e s ,  i.e. g i l l  beats  
was t h e  o b s e r v a t i o n  t h a t  v a r i o u s  u n r e s t r a i n e d  
e c t r i c  s i g n a l s  i n t o  t h e  surrounding water  which can 
ogue s i g n a l s  r e p r e s e n t a t i v e  o f  s p e c i f i c  movement 
h e a r t  ra tes ,  e tc .  U t i l i z i n g  a p p r o p r i a t e  techniques 
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and accompanying e l e c t r o n i c s ,  changes i n  b i o e l e c t r i c  responses may be de tec ted  
and processed w i t h  respect  t o  p o s s i b l e  water  q u a l i t y  induced s t r e s s  t o  t h e  
animal. 
HOLDING CHAMBERS FOR ANIMALS 
Design c h a r a c t e r i s t i c s  and s p e c i f i c  c o n f i g u r a t i o n s  used for  f i s h ,  mussel, 
and burrowing m a y f l y  nymph maintenance w h i l e  m o n i t o r i n g  have been d iscussed 
p r e v i o u s l y  ( r e f .  4, 5). 
chambers c o n s i s t e d  o f  PVC p l a s t i c  tubes equipped w i t h  a p a i r  o f  probe-antennae. 
Probes were designed t o  r e c e i v e  b i o e l e c t r i c  p o t e n t i a l s  induced by each g i l l  
v e n t i l a t o r y  response and were connected t o  a p p r o p r i a t e  e l e c t r o n i c s  f o r  d e t e c t i o n .  
(F igure  1). Burrowing m a y f l y  nymph chambers c o n s i s t e d  o f  s e l e c t e d  lengths  o f  
tygon or p l a s t i c  t u b i n g  o f  v a r i o u s  diameters,  each c o n f i g u r e d  w i t h  a s e t  o f  
micro-antennae. Once t h e  nymph was e s t a b l i s h e d  w i t h i n  t h e  a r t i f i c i a l  tube 
chamber, b i o e l e c t r i c  s i g n a l s  generated by t h e  rhythmic p e r i s t a l t i c  o s c i l l a t i o n  
o f  i t s  p a i r e d  abdominal g i l l s  were e a s i l y  de tec ted  by accompanying e l e c t r o n i c s .  
I n  summary, housing i n d i v i d u a l  free-swimming f i s h  
Mussel m y o e l e c t r i c  events were r e a d i l y  moni tored by micro-probe antennae 
which were l o c a t e d  between t h e  mant le  t i s s u e  and t h e  i n n e r  v a l v e  o f  t h e  animal.  
Caut ion was taken n o t  to  i n s e r t  these i n t o  t h e  t i s s u e .  Combined w i t h  g i l l  
a c t i o n ,  f o o t  muscle, and abductor  muscle events,  b i o e l e c t r i c  responses generated 
by p e r i s t a l t i c  c o n t r a c t i o n s  o f  t h e  h e a r t  c o u l d  be s e l e c t e d  f o r  and recorded. 
A m u l t i p l e  species complement was r e a l i z e d  by s imu l taneous ly  m o n i t o r i n g  
groups o f  b l u e g i l l  sun f ish ,  h e e l s p l i t t e r  mussel, and burrowing m a y f l y  nymph 
a r t i f i c i a l  tube chambers. A r t i f i c i a l  tube chambers c o n t a i n i n g  i n d i v i d u a l  
nymphs were p o s i t i o n e d  i n  a subconta iner  which was f l o a t e d  a t  t h e  s u r f a c e  o f  
t h e  tank h o l d i n g  t h e  mussels and f i s h  chambers. 
i n d i v i d u a l s  from each species were i s o l a t e d  from each o t h e r  and e l e c t r o d e s  
connected t o  i n d i v i d u a l  channels f o r  da ta  e n t r y  t o  t h e  minicomputer. 
Groups o f  f o u r  free-swimming 
COMPUTER-ASSISTED AUTOMATED M O N I T O R I N G  
D i f f e r e n t i a l  d. c. a m p l i f i e r s  were c o n s t r u c t e d  t h a t  meet requirements f o r  
a w ide  range o f  water  q u a l i t y  c o n d i t i o n s  and were f l e x i b l e  enough t o  d e t e c t  
weak b i o e l e c t r i c  events  f rom v a r i o u s  a q u a t i c  animals ( r e f .  5 ) .  One a m p l i f i e r  
was used f o r  each animal and the  g a i n  and f i l t e r  s e t  t o  read the s p e c i f i c  
analog frequencies.  Undesi rab le h i g h  f requenc ies  were f i l t e r e d  a t  t h e  i n i t i a l  
stages o f  a m p l i f i c a t i o n .  A m p l i f i e r s  were i n t e r f a c e d  t o  an IBM-PC compat ib le  
hav ing v a r i o u s  p e r i p h e r a l s ,  i n c l u d i n g  tape backup and modem. Analog response 
s i g n a l s  were d i g i t i z e d  and s t o r e d  i n  r e g i s t e r s  u n t i l  inpu ted  t o  the computer 
f o r  f i l i n g  on d isk .  The complete automated computer-assisted b i o m o n i t o r i n g  
system (ACABS) was an updated v e r s i o n  o f  t h e  automated f i s h  r e s p i r a t i o n  
m o n i t o r i n g  system (AFIRMS), which was f a b r i c a t e d  by t h e  Data Serv ices Branch, 
TVA ( r e f .  6) .  
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SYSTEM TESTING 
PREPARING ANIMALS FOR MONITORING 
Using a cont inuous m o n i t o r i n g  c o n f i g u r a t i o n ,  f i s h  were i n d i v i d u a l l y  i s o l a t e d  
i n  p l a s t i c  tube chambers which were p laced i n  g l a s s  a q u a r i a  equipped w i t h  f l o w -  
through water  exchange. Mussels were p o s i t i o n e d  on g r a v e l  subs t ra tes  w i t h i n  t h e  
aquar ia.  Because m a y f l y  nymphs d i s p l a y e d  a tendency t o  a b o r t  a r t i f i c i a l  burrows 
made o f  tygon tubes, they  were f u r t h e r  i s o l a t e d  by p l a c i n g  an i n d i v i d u a l  tube 
chamber housing a s i n g l e  nymph i n  a screen-bottomed p l a s t i c  c y l i n d e r .  
i s o l a t i o n  c y l i n d e r  was then submerged i n  t h e  aquar ia.  Test s u b j e c t s  were 
a l lowed t o  a c c l i m a t e  f o r  a week o r  more i n  i s o l a t i o n  w h i l e  r e c e i v i n g  once-through 
l a k e  water  and p r e v a i l i n g  photoper iods. Animals rece ived food w h i l e  a c c l i m a t i n g  
t o  ambient c o n d i t i o n s  b u t  n o t  d u r i n g  t e s t  t reatments.  
T h i s  
BENCH TESTING MONITOR 
P r e l i m i n a r y  t e s t i n g  was done by s e l e c t i n g  groups o f  acc l imated  i n d i v i d u a l s  
f rom each o f  t h r e e  groups, i.e., b l u e g i l l ,  bur rowing  m a y f l y  nymph, and hee l -  
s p l i t t e r  mussel and c o n t i n u o u s l y  m o n i t o r i n g  t h e i r  b i o e l e c t r i c  f requenc ies  f o r  a 
one- t o  three-day reference per iod .  Then, t w o  i n d i v i d u a l s  from each group were 
s e l e c t e d  as c o n t r o l s  fo r  a one-day t reatment  i n t e r v a l  which fo l lowed.  A one-day 
t reatment  was designed t o  s i m u l a t e  an a c i d i c  water  supply  where a pH depress ion 
between 5.5 and 4.5 was g r a d u a l l y  achieved over  severa l  hours per iod.  
i n i t i a l  ambient pH va lue  ranged f rom 7 t o  8. 
mixed l a k e  water  and were admin is te red  by i n t e r r u p t i n g  re fe rence l a k e  water 
f lows and a l l o w i n g  t rea tments  t o  g r a d u a l l y  rep lace  ambient re fe rence f l o w s .  
Explosure t o  maximum pH depress p e r s i s t e d  f o r  6 t o  12 hours when re fe rence 
lakewater  was aga in  d e l i v e r e d  w i t h o u t  a l t e r i n g  f l o w  ra tes.  F o l l o w i n g  t h e  a c i d  
exposure t reatment ,  re fe rence ambient c o n d i t i o n s  were reached w i t h i n  severa l  
hours w h i l e  t e s t  s u b j e c t s  were c o n t i n u a l l y  moni tored f o r  t h e  remain ing few days 
o f  t h e  recovery per iod.  
The 
Treatment s o l u t i o n s  were ba tch  
P r i o r  t o  a c i d  t reatments,  a t ime- ra ted  da ta  base o f  b i o e l e c t r i c  responses 
was developed from t e s t  f i s h  main ta ined under ambient once-through l a k e  water  
f lows. T h i s  da ta  base was then used as a r e f e r e n c e  fo r  comparing changing 
s t r e s s f u l  responses induced by a c i d  water  exposures ( F i g u r e  2). 
DATA CAPTURE V I A  SATELLITE 
Referred t o  as a remote da ta  c o l l e c t i o n  p l a t f o r m  (CDP) ,  t h i s  s e l f - c o n t a i n e d  
computer which f u n c t i o n s  as a d. c. powered c e n t r a l  c o n t r o l l e r  and processor  i n  
c o n j u n c t i o n  w i t h  v a r i o u s  communication modeules was used t o  s i m u l a t e  da ta  
capture  v i a  s a t e l l i t e  downl ink ing.  Features i n c l u d e  expandable PROM/RAM memory, 
a programmable ca lendar /a larm c l o c k ,  an S-34 c o n t r o l l e r  p o r t ,  RS-232 o p e r a t o r  
p o r t ,  and be ing  supported by the  S-FORTH o p e r a t i n g  system. 
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Breath ing  events  generated by i n d i v i d u a l l y  moni tored f i s h ,  f o r  example, 
I were rece ived by t h e  DCP i n  d i g i t a l  fo rm.  The da ta  were h e l d  f o r  a p r e t e s t  
Data presented t o  t h e  DCP were t r a n s m i t t e d  t o  t h e  NOAA-Geostationary Operat ional  
m o n i t o r i n g  i n t e r v a l  by i n t e r f a c e  r e g i s t e r s  p r i o r  t o  submission to  the  DCP. 
Environmental S a t e l l i t e  (GOES) s i x  t imes d a i l y .  Broadcast da ta  rece ived by 
GOES were then r e t r a n s m i t t e d  t o  a r e c e i v i n g  s t a t i o n  f o r  process ing (F igure  3 ) .  
Depending on m o n i t o r i n g  needs, s imultaneous t ransmiss ion  o f  water  q u a l i t y  
parameters inc luded:  temperature, d i s s o l v e d  oxygen (DO) ,  hydrogen i o n  concen- 
t r a t  i o n  (pH), s p e c i f i c  conductance, and o x i d a t i o n - r e d u c t i o n  (redox) p o t e n t i a l .  
Phys ica l  sensors were p o s i t i o n e d  in-stream a longs ide  f i s h - h o l d i n g  chambers. 
I 
~ 
I 
PROPOSED WATER SOURCE TOXICITY TESTING 
Coupled w i t h  e x i s t i n g  methods f o r  b i o l o g i c a l  and chemical water  q u a l i t y  
t e s t i n g  o f  space s t a t i o n  water  supp l ies ,  automated b iosens ing  may have m e r i t  
as an e a r l y  warn ing t o  develop ing problems. Such a p r o t o c o l  would e l i m i n a t e  t h e  
inherent  weaknesses o f  r e l y i n g  on chemical /phys ica l  measures alone. U n l i k e  most 
o t h e r  b i o l o g i c a l  t e s t  systems, t h e  automated b i o m o n i t o r i n g  approach p r o v i d e s  
r e a l - t i m e  d e t e c t i o n  o f  develop ing t o x i c i t y ,  c o n t i n u o u s l y  ( r e f .  1, 6). 
CONCLUSION 
Through prev ious  s t u d i e s  u s i n g  remote b iosensing devices for  water  q u a l i t y  
m o n i t o r i n  , a s e r i e s  o f  t e c h n i c a l  ques t ions  have sur faced which w i l l  r e q u i r e  
a t t e n t i o n  should automated b i o m o n i t o r i n g  be considered as p a r t  o f  an e a r l y  
d e t e c t i o n  t o  develop ing t o x i c i t y  i n  water  sources on permanent space s t a t i o n s .  
S p e c i f i c a  l y ,  even though f i s h  have been used f o r  more than a decade as t e s t  
s u b j e c t s  n earth-based automated b i o m o n i t o r i n g  systems, l i t t l e  i n f o r m a t i o n  i s  
a v a i l a b l e  on the  e f f e c t  o f  near zero  g r a v i t y  on f i s h  b r e a t h i n g  responses, much 
l e s s  t h a t  o f  o t h e r  a q u a t i c  animals. Other concerns inc lude:  ( 1 )  To what e x t e n t  
w i l l  a q u a t i c  animals accommodate t o  sus ta ined low g r a v i t y ?  (2) W i l l  t e s t  animals 
need induced g r a v i t y  i n  o r d e r  to f u n c t i o n  a p p r o p r i a t e l y ?  (3 )  How o f t e n  w i l l  
t e s t  s u b j e c t s  need t o  be f e d  o r  rep laced? 
need t e s t i n g ?  (5)  Are automated m u l t i s p e c i e s  b iosens ing  dev ices a p p r o p r i a t e  
f o r  space s t a t i o n  m o n i t o r i n g ?  
( 4 )  What type  h o l d i n g  chamber designs 
R e a l i z i n g  these needs and g a i n i n g  i n s i g h t  through prev ious  s tud ies ,  
reasonable answers t o  these ques t ions  w i l l  be for thcoming. Given t h e  advanced 
s t a t e  o f  technology, t h e  pr imary  concerns and areas r e q u i r i n g  a d d i t i o n a l  
research deal  almost e n t i r e l y  w i t h  those o f  a b i o l o g i c a l  nature.  
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FIGURE 2. BREATHING RESPONSE OF BLUEGILL SUNFISH SUBJECTED TO SUBTLE 
A C I D I F I C A T I O N  
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